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Introduction - I 

Heavy	  quark	  correla>on	  	  
QGP	  thermal	  radia>on	  

Heavy	  quarkonia	  produc>on	  
Drell-‐Yan	  

LMR	  

IMR	  

HMR	  

Electromagne>c	  probes	  =>	  	  
Do	  not	  par>cipate	  in	  strong	  interac>ons.	  
Bring	  undistorted	  informa>on	  as	  where	  they	  are	  produced.	  
Penetrate	  medium	  proper>es.	  
Challenge:	  Time-‐space	  integrated	  from	  every	  stages.	  

NA60: Eur.Phys.J.C59:607-623 (2009) 
RHIC 200 GeV, NPA 757,102 (2005)  

Tq 

Th 

Chiral	  symmetry	  restora>on	  
Vector	  meson	  produc>on:	  in-‐
medium	  effect	  
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Introduction - II 

²  Di-‐lepton	  produced	  in	  every	  stage	  of	  the	  >me-‐space	  evolu>on,	  its	  v2	  contains	  
integrated	  informa>on	  of	  the	  fireball	  expansion.	  	  

²  Its	  differen>al	  v2	  in	  (mass,	  pT)	  dimension	  could	  help	  us	  dis>nguish	  partonic	  and	  
hadronic	  radia>on	  sources. 
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Introduction - III 

RHIC	  Energy	  Scan	  Program:	  
-‐	  Mapping	  QCD	  phase	  boundary.	  
-‐ 	  Search	  for	  QCD	  cri>cal	  point.	  
Observables:	  fluctua>ons,	  flow,	  correla>ons	  …	  
	  
What	  about	  “di-‐lepton”?	  
-‐ 	  Mass	  spectra	  
-‐ 	  mT	  slope	  
-‐ 	  v2	  
How	  are	  the	  behaviors	  in	  HG/QGP	  phase:	  
-‐ 	  light	  meson	  freeze-‐out	  
-‐ 	  ρ	  meson	  
-‐ 	  charm	  correla>on	  
-‐ 	  thermal	  di-‐leptons	  
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The STAR detector for di-lepton measurement 
Time	  Projec+on	  Chamber:	  	  
•  |eta|<1,	  full	  azimuth	  	  
•  Tracking.	  
•  PID	  through	  dE/dx	  
	  
	  

Barrel	  Electromagne+c	  Calorimeter	  
•  |eta|<1,	  full	  azimuth	  	  
•  BTOW:	  

•  Tower	  matching	  	  
•  p/E	  for	  electron	  ID	  	  
•  Fast	  online	  trigger	  	  

•  BSMD:	  
•  Double	  layer	  High	  spa>al	  

resolu>on	  MWPC.	  	  
•  e/h	  separa>on.	  

	  

Time	  of	  Flight:	  	  
•  |eta|<1,	  full	  azimuth	  .	  
•  PID	  through	  TOF	  	  
•  Timing	  resolu>on:	  ~85	  ps.	  	  
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Electron Identification 

π 

p K 
e 

+ 
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e+e- Invariant Mass & Background 

Background	  	  sources	  
–  combinatorial	  background	  (non-‐physical)	  
–  correlated	  background	  e.g.	  double	  Dalitz	  decay,	  jet	  correla>on.	  

Background	  methods	  
–  like-‐sign:	  combinatorial	  &	  correlated	  BG	  

•  correct	  for	  acceptance	  differences	  	  	  	  	  	  	  	  	  

–  mixed-‐event:	  combinatorial	  only	  
•  improve	  sta>s>cs	  

–  background	  subtrac>on	  
p+p:	  	  LS	  <	  0.4	  GeV/c2	  <	  ME	  
Au+Au:	  LS	  <	  0.75	  GeV/c2	  <	  ME	  

–  pair	  cuts	  remove	  photon	  conversions	  

Signals	  (meson	  decays,	  medium	  modifica>on,	  thermal	  radia>on)	  
–  Hadron	  simula>on	  cocktail,	  models	  

S/B	  @	  Mee~	  0.5	  GeV/c2:	  
Ø  1/10	  for	  p+p	  
Ø  1/250	  for	  Au+Au	  central	  

Phys.	  Rev.	  C	  86,	  024906	  (2012)	  
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Background Correction 

Like-‐sign	  background	  has	  been	  corrected	  by	  
acceptance	  factor:	  
	  
	  
Correc>ons	  were	  done	  in	  each	  centrality	  and	  pT	  bin.	  	  
Normaliza>on	  in	  a	  random	  uniform	  region:	  

B
+−
Mix / (2 B

++
MixB

−−
Mix )
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Efficiency unfolding 

Efficiency:	  tracking,	  matching,	  cut	  
Each	  pT,	  mass	  bin	  unfolding	  into	  final	  efficiency	  
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Hadron decay cocktails 

p+p	  200	  GeV	   Au+Au	  200	  GeV	  

Z.	  Tang,	  et.al.,	  PRC79	  051901	  (R).	  	  

	  	  	  	  	  	  	  	  	  

Input	  meson	  pT	  spectra	  -‐-‐-‐	  Tsallis	  Blast-‐Wave(TBW)	  fit	  to	  measurements.	  

ρ	  is	  related	  to	  average	  flow	  velocity.	  
q-‐1	  is	  the	  degree	  of	  non-‐equilibrium.	  
T	  is	  the	  freeze-‐out	  temperature.	  
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Hadron decay cocktails 

N.M. Kroll, et al., Phys Rev, 98 (1955) 5. 

NA60:	  PLB677	  (2009)	  260.	  

2 2
2 2 2 2 2

0

1| ( ) |
(1 )ee

ee

F m
m − −

=
− ⋅Λ +Γ ⋅Λ

Two-‐body:	  Breit-‐Wigner	  
Dalitz:	  Kroll-‐Wada	  
FF:	  parameterized	  from	  measurement.	  

Phase	  Space	  term	  for	  ω, φ:	  
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ρ broadening  
ρ	  self-‐energy	  changes	  due	  to	  interac>ons	  with	  
medium.	  
ρ	  interac>on	  with	  meson	  gas.	  
ρ	  pionic	  decays.	  
pion-‐baryon	  scawerings.	  

l+ 

l- 

meson 

meson 

γ ρ 

ρ 

B 

B 

ρ 
π 

π 

ρ ρ 
π 

π 

ρ ρ 

π π 
x 

(1) 

(2) 

(3) 

H.	  Xu,	  et	  al.,	  Phys.	  Rev.	  C	  85	  024906	  (2012)	  

Emission	  rate: 

V-‐m	  propagator: 
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Space-time evolution 

	  B.	  Schenke,	  et.	  al.,	  PRC82,	  014903	  (2010)	  

(2+1)D	  ideal	  hydrodynamics	  
Layce	  EOS	  
Parameters:	  S95P-‐PCE	  

P.	  Huovinen	  and	  P.	  Petreczky,	  NPA837	  (2010)	  26.	  

Higher	  energy	  =>	  
larger	  ini>al	  temperature	  	  
longer	  evolu>on	  >me.	  

1/8/13 
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Detector acceptance and response 
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pT
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Double-‐crystal-‐ball	  func>on	  for	  energy	  loss	  

To	  compare	  the	  calcula>on	  with	  
measurement,	  we	  have	  to	  also	  
consider:	  
-‐ 	  Detector	  acceptance	  
-‐ 	  Mass/momentum	  resolu>on	  
-‐ 	  Electron	  bremsstrahlung.	  
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Di-electron production in Au+Au 200 GeV 

²  LMR	  Enhancement	  compare	  with	  cocktail	  w/o	  ρ.	  Weak	  centrality	  dependence.	  
²  In-‐medium	  ρ	  plays	  important	  role,	  data	  over	  cocktail	  w/	  ρ	  are	  more	  close	  to	  1.	  

Data	  from	  STAR	  QM12 
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Di-electron production in Au+Au 200 GeV 

²  LMR	  Enhancement	  compare	  with	  cocktail	  w/o	  ρ.	  Weak	  centrality	  dependence.	  
²  In-‐medium	  ρ	  plays	  important	  role,	  data	  over	  cocktail	  w/	  ρ	  are	  more	  close	  to	  1.	  

Data	  from	  STAR	  QM12 
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Extrapolation to lower energies 

dN/dy	  and	  pT	  distribu>ons	  from	  AMPT	  calcula>ons.	  
Charm	  cross	  sec>on:	  NLO	  calcula>on	  for	  low	  energies.	  

Scale	  to	  measurements	  at	  200	  GeV	  (solid	  symbols),	  some	  difference	  at	  lower	  energy.	  

AMPT	  

1/8/13 
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Di-lepton production at lower energies 

Ø  RHIC	  BES	  Program:	  explore	  LMR	  down	  to	  SPS	  energy.	  
Ø  Observed	  low-‐mass	  enhancement	  in	  all	  energies.	  
Ø  In-‐medium	  ρ	  w/	  finite	  baryon	  density	  describe	  LMR	  enhancement	  well.	  
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IMR signal / background 

²  Signal	  /	  b.g.	  ra>o	  is	  ~	  a	  few	  percent	  in	  higher	  energies.	  
²  Signal	  enhanced	  in	  lower	  energy,	  rela>ve	  large	  emission	  

rate	  even	  for	  a	  short-‐lived	  QGP	  system.	  
²  Test	  possible	  phase	  transi>on.	  
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mT slope of in the IMR 

PYTHIA	  simula>on:	  
correlated	  charm	  at	  BES	  energies.	  
	  	  
Random	  Phase-‐space:	  
assuming	  decay	  daughters	  
azimuth	  randomly	  washed	  out.	  
	  
Thermal:	  
2+1D	  ideal	  hydro	  
H.	  Xu,	  Q.	  Wang	  (priv.	  comm).	  
H.	  Xu,	  et	  al.,	  PRC	  85	  024906	  (2012).	  
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mT slope of in the IMR 

p+p	  from	  PYTHIA	  always	  shows	  decreasing	  vs.	  mass.	  

Y.	  Zhang	  CPOD2011 
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mT slope of in the IMR 

Assuming	  the	  angular	  correla>on	  of	  the	  decay	  products	  is	  totally	  washed	  out	  in	  the	  medium,	  
it	  gives	  much	  larger	  temperature	  and	  stronger	  energy	  dependence.	  

Y.	  Zhang	  CPOD2011 
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mT slope of in the IMR 

2+1D	  hydrodynamics	  gives	  weaker	  energy	  dependence,	  but	  always	  increases	  vs.	  mass.	  

Y.	  Zhang	  CPOD2011 
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mT slope of in the IMR 

Within	  errors	  19.6	  GeV	  agrees	  with	  NA60	  (~17	  GeV),	  seems	  opposite	  trend.	  
Charm	  correla>on	  in	  p+p	  is	  consistent	  with	  STAR	  p+p	  data	  (QM11).	  
Charm	  correla>on	  modified	  by	  medium.	  Thermal	  +	  charm	  reproduce	  STAR	  Au+Au	  data	  well.	  

Y.	  Zhang	  CPOD2011 
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Possible observation at phase transition? 

High	  energy	  dominant	  by	  charm	  correla>on,	  lower	  energy	  charm	  and	  thermal	  
contribu>ons	  are	  comparable.	  
Both	  Teff	  and	  its	  slope	  in	  medium	  are	  significant	  higher	  than	  the	  system	  w/o	  medium.	  

Phase	  transi>on	  could	  happen	  if	  the	  Teff	  increases	  drama>cally	  or	  the	  sign	  of	  its	  
slope	  changes	  from	  nega>ve	  to	  posi>ve.	  

<Mee> = 1.9 GeV/c2 

1/8/13 
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Di-electron v2 in Au+Au 200 GeV 

X.	  Cui	  QM12	  poster	  

-  First	  measurement	  from	  STAR.	  
-  TPC	  event-‐plane	  method.	  
-  Consistent	  with	  cocktail	  simula>on	  

with	  mesons	  decay	  in	  vacuum.	  
	  	  	  	  	  	  Current	  precision	  does	  not	  allow	  to	  
study	  medium	  modifica>on. 
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Di-electron v2 pT dependence 
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Au+Au	  √sNN=	  200GeV	  	  0-‐80%	  centrality	  
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p
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0.2 2<2.9 GeV/cee 1.1<M

STAR Preliminary
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)-e+ eA c(c

M	  <	  0.14	  GeV/c2	  
Consistent	  with	  measured	  π±	  (STAR)	  
and	  π0	  (PHENIX)	  at	  high	  pT.	  	  
Good	  tool	  to	  measure	  high	  pT	  π0	  

M	  ~	  φ (0.98	  –	  1.06	  GeV/c2)	  
Consistent	  with	  hadronic	  decay	  
channel.	  
φ	  seems	  not	  dominant	  by	  KK-‐>φ,	  
need	  more	  data	  to	  confirm	  

Ø  v2(pT)	  consistent	  with	  simula>ons	  &	  measurements	  

M	  ~	  ρ (0.14	  –	  0.8	  GeV/c2)	  
Need	  more	  data	  to	  study	  medium	  
modifica>on.	  
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Di-electron v2 centrality dependence 
2v
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T
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20-60%

STAR Preliminary

Centrality	  dependence	  v2(pT)	  	  
Mee<0.14	  GeV/c2	  (π0)	  

–  consistent	  with	  simula>ons	  
–  consistent	  with	  measurements	  

LMR:	  hadronic	  process	  dominant	  
To	  dis>nguish	  hadronic/partonic	  
contribu>ons	  need	  extend	  this	  
measurement	  to	  IMR.	  
	  
Need	  detector	  upgrades:	  
	  -‐	  HFT	  =>	  Reject	  long	  life-‐>me	  
decays,	  determine	  correlated	  
charm	  
	  -‐	  MTD	  =>	  e+µ	  correla>on,	  IMR	  di-‐	  
µ	  measurement. 
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Di-electron v2 
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²  Sensi>vity	  to	  separate	  hadronic/partonic.	  
²  Experimental	  data	  Mee	  <	  ~	  1	  GeV/c,	  

expec>ng	  more	  sta>s>cs	  +	  upgrade	  for	  
IMR	  and	  high	  pT. 

H.	  Xu 
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Summary 

 
•  Experimental data shows LMR enhancement compared with vacuum cocktails.  

     - In-medium ρ broadening explains the enhancement reasonably for each RHIC BES 
energies from 19.6 to 200 GeV. 

•  IMR QGP radiative signals may enhanced over correlated charm background in 
lower energy.  

      - Future detector upgrades will also help for background suppression.  

      - May be sensitive to the possible phase transition. 

•  IMR slope with naïve assumption seems agree with data reasonably for both 
SPS and RHIC energies.  

•  Di-lepton v2 is ideal probe for distinguish partonic/hadronic processes. 
       - High sensitivity at IMR and large pT. 

       - Need future experimental data for comparison. 

Looking	  forward	  to	  BES	  Phase-‐II	  and	  increasing	  luminosity	  of	  RHIC	  runs. 
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LMR compare with models (I) 
Ralf	  Rapp	  (priv.	  comm.)	  

R.	  Rapp,	  Phys.Rev.	  C	  63	  (2001)	  054907	  
R.	  Rapp	  &	  J.	  Wambach,	  EPJ	  A	  6	  (1999)	  415	  
	  

Complete	  evolu>on:	  
Cocktail	  (in	  vacuum)	  +	  HG	  +	  QGP	  =>	  
	  -‐	  ρ	  	  “melts”	  when	  extrapolated	  close	  to	  
phase	  transi>on	  boundary.	  
	  -‐	  agreement	  w/in	  uncertain>es.	  

H.	  Xu,	  Q.	  Wang	  (priv.	  comm.)	  
H.	  Xu,	  et	  al.,	  Phys.	  Rev.	  C	  85	  024906	  (2012).	  
	  

In-‐medium	  ρ:	  Mul>-‐body	  effec>ve	  theory	  
Partonic	  (QGP):	  2+1D	  ideal	  hydro	  
FreezeOut	  +	  IM	  +	  QGP	  =>	  
	  -‐	  agree	  w/in	  uncertain>es.	  
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LMR compare with models (II) 

Central	  collisions	  (0-‐10%):	  
Ø  PHSD	  roughly	  in	  line	  

with	  LMR	  region	  
Ø  Similar	  as	  STAR	  cocktail,	  

overshot	  IMR.	  

Minimum	  bias	  collisions	  	  
(0-‐80%):	  
Ø  Generally	  good	  

agreement	  

ANALYSIS OF DILEPTON PRODUCTION IN Au + Au . . . PHYSICAL REVIEW C 85, 024910 (2012)

FIG. 7. (Color online) The PHSD results for the invariant mass
spectra of inclusive dileptons in Au + Au collisions at

√
sNN =

200 GeV for M = 0–1.2 GeV and 0%–80% centrality within the
cuts of the STAR experiment; see Eq. (2). The preliminary data from
the STAR Collaboration are adopted from Ref. [60].

inclusive dileptons in Au + Au collisions at
√

sNN = 200 GeV
in the low-mass region (M = 0–1.2 GeV) as calculated within
(1) PHSD (red solid line) taking into account the in-medium
modification of the ρ as well as the dilepton radiation from
the partonic phase; (2) HSD in the free-ρ scenario; and (3) the
extended statistical hadronization model [10] in comparison
to the data from the PHENIX Collaboration [7,8].

The extended statistical hadronization model (ESHM) [10]
is an extension to the statistical hadronization model (SHM)
which has been applied [42–55] to high-energy elementary and
especially heavy-ion collision experiments in order to calculate
the yields of different hadron species. In the SHM, the state
of the “thermal” fireball is specified by its temperature T ,
volume V , and the chemical potentials µB , µQ, and µS for
baryon, electric, and strangeness charges, respectively. While
µS and µQ are zero in central Au + Au collisions at

√
sNN =

200 GeV, µB is about 30 MeV. The effect of the strangeness
undersaturation parameter or fugacity γS on the dielectron
invariant mass spectrum as a function of centrality was studied
in detail in Ref. [10], and the effect was found to be moderate.
We employ the value γS = 0.6 in this work for the minimum-
bias Au + Au collisions. The overall normalization (fireball
volume) at different centralities was fitted to experimental data
in Ref. [10], and we use the same values throughout. For the
temperature we use the value T = 170 MeV.

Since the measured rapidity and transverse momentum
spectra of hadrons emitted in the high-energy collision experi-
ments do not resemble thermal distributions, the SHM has been
extended in Ref. [10] by boosting (event by event) the “fireball”
along the beam axis so that the rapidity distributions of pions
become compatible with the BRAHMS measurements [56].
Also, the problem that the SHM tends to overpopulate the
low-pT part of the spectrum compared with the experimental
distributions was solved in the ESHM by assuming that the
created clusters’ transverse momentum is normally distributed
with the width fitted together with the system volume V to the
PHENIX data [57] in p + p collisions and in 11 different

FIG. 8. (Color online) Same as Fig. 7 for M = 0–4 GeV.

centrality classes in the case of Au+Au collisions. For further
details we refer the reader to Ref. [10].

We find in Fig. 6 that the HSD and the ESHM give
approximately the same results on the level of 30% for the
dilepton invariant mass spectra. This might be surprising since
the HSD includes not only the direct and Dalitz decays of
hadrons but also meson-meson and meson-baryon channels
for dileptons. Indeed, the enhancement of the HSD result
from 0.55 to 0.75 GeV can be traced back to pion-pion
annihilation which, however, gives only a small contribution
at the top RHIC energy. Our actual PHSD calculations show
some more dilepton yield in the ρ-mass regime as a result of the
broadened ρ spectral function employed in the calculations.
In the free-ρ scenario, the results from HSD and PHSD are
identical within statistics, since the partonic channels give only
a small contribution in this mass range. The conclusion that
the dilepton spectrum at masses below 1 GeV is dominated by
the hadronic sources is also supported by the studies in other
available models [58,59].

E. Predictions for STAR and comparison to preliminary data

The PHSD calculations allow us to match with the different
experimental conditions and thus to provide a theoretical
link between the different measurements. To this extent, we
have provided the differential data tables for our theoretical
predictions on our web site [61] so that any acceptance cuts
and experimental mass and transverse momentum resolutions
can be applied.

The STAR Collaboration at RHIC has recently measured
dileptons from Au + Au collisions at

√
sNN = 200 GeV with

the acceptance following cuts on single electron transverse
momenta peT , single electron pseudorapidities ηe, and the
dilepton pair rapidity y:

0.2 < peT < 5 GeV,
(2)

|ηe| < 1, |y| < 1.

Our predictions for the dilepton yield within these cuts are
shown in Figs. 7 and 8 for 0%–80% centrality and in Figs. 9
and 10 for 0%–10% centrality. One can observe generally a
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FIG. 7. (Color online) The PHSD results for the invariant mass
spectra of inclusive dileptons in Au + Au collisions at

√
sNN =

200 GeV for M = 0–1.2 GeV and 0%–80% centrality within the
cuts of the STAR experiment; see Eq. (2). The preliminary data from
the STAR Collaboration are adopted from Ref. [60].

inclusive dileptons in Au + Au collisions at
√

sNN = 200 GeV
in the low-mass region (M = 0–1.2 GeV) as calculated within
(1) PHSD (red solid line) taking into account the in-medium
modification of the ρ as well as the dilepton radiation from
the partonic phase; (2) HSD in the free-ρ scenario; and (3) the
extended statistical hadronization model [10] in comparison
to the data from the PHENIX Collaboration [7,8].

The extended statistical hadronization model (ESHM) [10]
is an extension to the statistical hadronization model (SHM)
which has been applied [42–55] to high-energy elementary and
especially heavy-ion collision experiments in order to calculate
the yields of different hadron species. In the SHM, the state
of the “thermal” fireball is specified by its temperature T ,
volume V , and the chemical potentials µB , µQ, and µS for
baryon, electric, and strangeness charges, respectively. While
µS and µQ are zero in central Au + Au collisions at

√
sNN =

200 GeV, µB is about 30 MeV. The effect of the strangeness
undersaturation parameter or fugacity γS on the dielectron
invariant mass spectrum as a function of centrality was studied
in detail in Ref. [10], and the effect was found to be moderate.
We employ the value γS = 0.6 in this work for the minimum-
bias Au + Au collisions. The overall normalization (fireball
volume) at different centralities was fitted to experimental data
in Ref. [10], and we use the same values throughout. For the
temperature we use the value T = 170 MeV.

Since the measured rapidity and transverse momentum
spectra of hadrons emitted in the high-energy collision experi-
ments do not resemble thermal distributions, the SHM has been
extended in Ref. [10] by boosting (event by event) the “fireball”
along the beam axis so that the rapidity distributions of pions
become compatible with the BRAHMS measurements [56].
Also, the problem that the SHM tends to overpopulate the
low-pT part of the spectrum compared with the experimental
distributions was solved in the ESHM by assuming that the
created clusters’ transverse momentum is normally distributed
with the width fitted together with the system volume V to the
PHENIX data [57] in p + p collisions and in 11 different

FIG. 8. (Color online) Same as Fig. 7 for M = 0–4 GeV.

centrality classes in the case of Au+Au collisions. For further
details we refer the reader to Ref. [10].

We find in Fig. 6 that the HSD and the ESHM give
approximately the same results on the level of 30% for the
dilepton invariant mass spectra. This might be surprising since
the HSD includes not only the direct and Dalitz decays of
hadrons but also meson-meson and meson-baryon channels
for dileptons. Indeed, the enhancement of the HSD result
from 0.55 to 0.75 GeV can be traced back to pion-pion
annihilation which, however, gives only a small contribution
at the top RHIC energy. Our actual PHSD calculations show
some more dilepton yield in the ρ-mass regime as a result of the
broadened ρ spectral function employed in the calculations.
In the free-ρ scenario, the results from HSD and PHSD are
identical within statistics, since the partonic channels give only
a small contribution in this mass range. The conclusion that
the dilepton spectrum at masses below 1 GeV is dominated by
the hadronic sources is also supported by the studies in other
available models [58,59].

E. Predictions for STAR and comparison to preliminary data

The PHSD calculations allow us to match with the different
experimental conditions and thus to provide a theoretical
link between the different measurements. To this extent, we
have provided the differential data tables for our theoretical
predictions on our web site [61] so that any acceptance cuts
and experimental mass and transverse momentum resolutions
can be applied.

The STAR Collaboration at RHIC has recently measured
dileptons from Au + Au collisions at

√
sNN = 200 GeV with

the acceptance following cuts on single electron transverse
momenta peT , single electron pseudorapidities ηe, and the
dilepton pair rapidity y:

0.2 < peT < 5 GeV,
(2)

|ηe| < 1, |y| < 1.

Our predictions for the dilepton yield within these cuts are
shown in Figs. 7 and 8 for 0%–80% centrality and in Figs. 9
and 10 for 0%–10% centrality. One can observe generally a
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FIG. 9. (Color online) The PHSD results for the invariant mass
spectra of inclusive dileptons in Au + Au collisions at

√
sNN =

200 GeV for M = 0–1.2 GeV and 0%–80% centrality within the
cuts of the STAR experiment; see Eq. (2). The preliminary data from
the STAR Collaboration are adopted from Ref. [60].

good agreement with the preliminary data from the STAR
Collaboration [60] for 0%–80% centrality in the whole mass
regime. Surprisingly, our calculations are also roughly in line
with the low-mass dilepton spectrum from STAR [60] in the
case of central collisions, whereas the PHSD results severely
underestimate the PHENIX data for the cuts given in Eq. (1)
(cf. Fig. 3). The observed yield from STAR can be accounted
for by the known hadronic sources, i.e., the decays of the
π0, η, η′, ω, ρ, φ, and a1 mesons, of the & particle, and
the semileptonic decays of the D and D̄ mesons, where the
collisional broadening of the ρ meson is taken into account. At
first sight this observation might point toward an inconsistency
between the data sets from PHENIX and STAR, but we have
to stress that the actual experimental acceptance cuts are more
sophisticated than those given in Eqs. (1) and (2). This problem
will have to be investigated more closely by the experimental
collaborations. Furthermore, the upgrade of the PHENIX

FIG. 10. (Color online) Same as Fig. 9 for M = 0–4 GeV.

experiment with a hadron blind detector [62] should provide
decisive information on the origin of the low-mass dileptons
produced in the heavy-ion collisions at

√
s = 200 GeV.

We also observe a slight overestimation of the dilepton yield
from PHSD in 0%–10% central collisions at masses from 1.3
to 1.8 GeV, where the dominant contributions to the spectrum
are the radiation from the sQGP and the semileptonic decays
of the D and D̄ mesons. We speculate that the suppression of
dileptons from the D and D̄ mesons might be underestimated
in the PHSD calculations in central collisions. The upgrade
of the STAR detector [63] will be promising in independently
measuring the correlated D and D̄ meson contributions.

IV. SUMMARY

In this study, we have addressed dilepton production in
Au + Au collisions at

√
sNN = 200 GeV by employing the

parton-hadron-string dynamics (PHSD) off-shell transport
approach. This work is a continuation of our earlier studies
for heavy-ion collisions at the SIS energies of 1–2 A GeV
[27] and the SPS energies from 40 to 158 A GeV [11,14],
essentially within the same dynamical transport model. Within
the PHSD one solves generalized transport equations on the
basis of the off-shell Kadanoff-Baym equations for effective
Green’s functions in phase-space representation (beyond the
quasiparticle approximation) for quarks, antiquarks and gluons
as well as for the hadrons and their excited states. The
PHSD approach consistently describes the full evolution of a
relativistic heavy-ion collision, from the initial hard scatterings
and string formation, through the dynamical deconfinement
phase transition to the quark-gluon plasma (QGP) as well as
hadronization, to the subsequent interactions in the hadronic
phase. It was shown in previous studies that the PHSD
approach well describes the various hadron abundancies,
their longitudinal rapidity distributions, as well as transverse
momentum distributions from lower SPS to top RHIC en-
ergies [21,22]. Also, the collective flow v2(pt ) is roughly
in accordance with the experimental observations by the
PHOBOS, STAR, and PHENIX Collaborations at RHIC [22].
The latter findings allow us explore the dynamics of subleading
or rare probes within the dynamical environment of partons
and hadrons during the complex time evolution of a relativistic
heavy-ion collision.

The present study has been devoted particularly to the
calculation of dilepton radiation from partonic interactions
through the reactions qq̄ → γ ∗, qq̄ → γ ∗ + g, and qg →
γ ∗q (q̄g → γ ∗q̄) in the early stage of relativistic heavy-ion
collisions at the top RHIC energy. We recall that the differ-
ential cross sections for electromagnetic radiation have been
calculated with the same propagators as those incorporated in
the PHSD transport approach. By comparing our calculated
results to the data from the PHENIX Collaboration, we have
studied the relative importance of different dilepton production
mechanisms and addressed in particular the “PHENIX puzzle”
of a large enhancement of dileptons in the mass range from
0.15 to 0.6 GeV as compared to the emission of hadronic states.
Our studies have demonstrated that the observed excess in
the low-mass dilepton regime cannot be attributed to partonic
productions as expected earlier. Thus the PHENIX puzzle
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FIG. 9. (Color online) The PHSD results for the invariant mass
spectra of inclusive dileptons in Au + Au collisions at

√
sNN =

200 GeV for M = 0–1.2 GeV and 0%–80% centrality within the
cuts of the STAR experiment; see Eq. (2). The preliminary data from
the STAR Collaboration are adopted from Ref. [60].

good agreement with the preliminary data from the STAR
Collaboration [60] for 0%–80% centrality in the whole mass
regime. Surprisingly, our calculations are also roughly in line
with the low-mass dilepton spectrum from STAR [60] in the
case of central collisions, whereas the PHSD results severely
underestimate the PHENIX data for the cuts given in Eq. (1)
(cf. Fig. 3). The observed yield from STAR can be accounted
for by the known hadronic sources, i.e., the decays of the
π0, η, η′, ω, ρ, φ, and a1 mesons, of the & particle, and
the semileptonic decays of the D and D̄ mesons, where the
collisional broadening of the ρ meson is taken into account. At
first sight this observation might point toward an inconsistency
between the data sets from PHENIX and STAR, but we have
to stress that the actual experimental acceptance cuts are more
sophisticated than those given in Eqs. (1) and (2). This problem
will have to be investigated more closely by the experimental
collaborations. Furthermore, the upgrade of the PHENIX

FIG. 10. (Color online) Same as Fig. 9 for M = 0–4 GeV.

experiment with a hadron blind detector [62] should provide
decisive information on the origin of the low-mass dileptons
produced in the heavy-ion collisions at

√
s = 200 GeV.

We also observe a slight overestimation of the dilepton yield
from PHSD in 0%–10% central collisions at masses from 1.3
to 1.8 GeV, where the dominant contributions to the spectrum
are the radiation from the sQGP and the semileptonic decays
of the D and D̄ mesons. We speculate that the suppression of
dileptons from the D and D̄ mesons might be underestimated
in the PHSD calculations in central collisions. The upgrade
of the STAR detector [63] will be promising in independently
measuring the correlated D and D̄ meson contributions.

IV. SUMMARY

In this study, we have addressed dilepton production in
Au + Au collisions at

√
sNN = 200 GeV by employing the

parton-hadron-string dynamics (PHSD) off-shell transport
approach. This work is a continuation of our earlier studies
for heavy-ion collisions at the SIS energies of 1–2 A GeV
[27] and the SPS energies from 40 to 158 A GeV [11,14],
essentially within the same dynamical transport model. Within
the PHSD one solves generalized transport equations on the
basis of the off-shell Kadanoff-Baym equations for effective
Green’s functions in phase-space representation (beyond the
quasiparticle approximation) for quarks, antiquarks and gluons
as well as for the hadrons and their excited states. The
PHSD approach consistently describes the full evolution of a
relativistic heavy-ion collision, from the initial hard scatterings
and string formation, through the dynamical deconfinement
phase transition to the quark-gluon plasma (QGP) as well as
hadronization, to the subsequent interactions in the hadronic
phase. It was shown in previous studies that the PHSD
approach well describes the various hadron abundancies,
their longitudinal rapidity distributions, as well as transverse
momentum distributions from lower SPS to top RHIC en-
ergies [21,22]. Also, the collective flow v2(pt ) is roughly
in accordance with the experimental observations by the
PHOBOS, STAR, and PHENIX Collaborations at RHIC [22].
The latter findings allow us explore the dynamics of subleading
or rare probes within the dynamical environment of partons
and hadrons during the complex time evolution of a relativistic
heavy-ion collision.

The present study has been devoted particularly to the
calculation of dilepton radiation from partonic interactions
through the reactions qq̄ → γ ∗, qq̄ → γ ∗ + g, and qg →
γ ∗q (q̄g → γ ∗q̄) in the early stage of relativistic heavy-ion
collisions at the top RHIC energy. We recall that the differ-
ential cross sections for electromagnetic radiation have been
calculated with the same propagators as those incorporated in
the PHSD transport approach. By comparing our calculated
results to the data from the PHENIX Collaboration, we have
studied the relative importance of different dilepton production
mechanisms and addressed in particular the “PHENIX puzzle”
of a large enhancement of dileptons in the mass range from
0.15 to 0.6 GeV as compared to the emission of hadronic states.
Our studies have demonstrated that the observed excess in
the low-mass dilepton regime cannot be attributed to partonic
productions as expected earlier. Thus the PHENIX puzzle
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Compare with SPS energy 

Enhancement factor 0.2<Mee<0.6 GeV/c2 

STAR 1.9 ± 0.6± 0.4 
CERES 2.73 ± 0.25±0.65±0.82[decays] 

Ø  Different	  centrality	  &	  acceptance:	  
	  	  	  	  	  	  	  	  	  	  	  -‐	  STAR	  	  Au+Au:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  0-‐80%	  centrality	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  pT>0.2	  GeV/c,	  |η|<1,	  |yee|<1.	  
	  	  	  	  	  	  	  	  	  	  	  -‐	  CERES	  Pb+Au:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  0-‐28%	  centrality.	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  pT>0.2	  GeV/c,	  2.1<η<2.65,	  θee>35mrad.	  
	  

Ø  	  	  	  Different	  detector	  resolu>on.	  

Low	  mass	  enhancement	  comparable	  
to	  CERES	  w/in	  uncertain>es.	  	  

• 	  π	  yield	  is	  from	  STAR	  π+- measurement,	  other	  
meson	  yields	  derived	  from	  SPS	  meson/π0	  ra>o.	  

STAR Preliminary 

B.	  Huang,	  QM12	  
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LMR enhancement vs. collision energies 
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by	  Ralf	  Rapp	  (priv.	  comm.)	  

Adv.	  Nucl.Phys.	  25,	  1	  (2000)	  
arXiv:nucl-‐th/0204003v1	  

•  LMR enhancement factor shows no significant energy 
dependence from 19.6 to 200 GeV. 

•  Theoretical calculations of in-medium ρ broadening with total 
baryon density from 19.6-200 GeV reproduce LMR excesses. 
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In-vacuum rho line shape 

ρ	  line	  shape:	  	  

P-‐wave	  of	  ππ channel:	  

S-‐wave	  of	  ee channel:	  

PRC 78, 044906 (2008) 
PRC 86, 024906 (2012) 
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Possible observation at phase transition? 

High	  energy	  dominant	  by	  charm	  correla>on,	  lower	  energy	  charm	  and	  thermal	  
contribu>ons	  are	  comparable.	  
Both	  Teff	  and	  its	  slope	  in	  medium	  are	  significant	  higher	  than	  the	  system	  w/o	  medium.	  

Phase	  transi>on	  could	  happen	  if	  the	  Teff	  increases	  drama>cally	  or	  the	  sign	  of	  its	  
slope	  changes	  from	  nega>ve	  to	  posi>ve.	  

<Mee> = 1.9 GeV/c2 
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